Abstract-A new phase-controlled resonant inverter is obtained by paralleling the ac loads of two identical parallel resonant inverters. A phase shift between the drive signals of the two inverters controls the amplitude of the output voltage of the new inverter. A voltage-driven rectifier is used as an ac load of the inverter which results in a phase-controlled parallel resonant dc-dc converter. A frequency-domain analysis is performed for the steady-state operation of the inverter and two types of voltage-driven rectifiers and design equations are derived. The converter can be operated at a constant switching frequency which reduces EM1 problems. It is found that for switching frequencies higher than the resonant frequency by a factor of 1.07, the load of each switching leg is inductive which allows for the use of power MOSFETs as switches. The converter is capable of regulating the output voltage in the range of load resistance from full load to no load. An experimental prototype of the phase-controlled parallel resonant converter with a center-taped rectifier was built and extensively tested at an output power of 50 W and a switching frequency of 116 kHz.
I. INTRODUCTION ONVENTIONAL resonant dc-dc converters
C controlled by varying the operating frequency, usually over a wide range. This causes electromagnetic interference (EMI) and filtering problems and makes it difficult to effectively utilize switches and magnetic components. To alleviate these problems, a concept of phasecontrolled converters was introduced and several topologies based on this concept have been proposed and analyzed [2] - [14] . Some of these converters consist of two switching legs and one resonant circuit. The drawback of such configurations is that while one leg is loaded inductively, the other is loaded capacitively. Therefore, snubbers in one switching leg are required, adding to the complexity of the circuit.
The purpose of this paper is to present a steady-state frequency-domain analysis and experimental results for a new phase-controlled parallel resonant converter. Connecting in parallel ac loads of two parallel resonant inverters results in inductive loads for both switching legs at the operating frequencies higher than the resonant frequency by a factor of 1.07. Therefore, power MOSFET's without snubbers can be used as power switches. Also, an imbalance of currents through resonant inductors is low. This is because the proposed topology exhibits only slightly different impedances as seen by the switching legs.
The procedure of obtaining a phase-controlled Class D parallel resonant inverter (PRI) is explained in Fig. l(a) and (b) . Fig. l(a) depicts two conventional Class D voltage-switching inverters: inverter 1 and inverter 2, with ac loads connected in parallel. Each inverter is composed of two switches with their antiparallel diodes, a resonant circuit L -C / 2 , and an ac load resistance 2 R, connected in parallel with the resonant capacitor. Capacitors C , are coupling capacitors. The parallel combination of resonant capacitors C / 2 and load resistances 2 R, results in resonant capacitor C and the load resistance R , yielding the circuit of the phase-controlled Class D PRI as shown in Fig. l(b) . The equivalent circuit of the inverter for the fundamental components is depicted in Fig. l(c) . If the load resistance R, in the inverter of Fig. l(b) is replaced by one of the Class D voltage-driven rectifiers [15] depicted in Fig. 2 , a phase-controlled parallel resonant converter (PC PRC) is obtained. Its dc output voltage V, can be regulated against load and line variations by varying the phase shift between the voltages which drive inverter 1 and inverter 2. The operating frequency can be maintained constant which is an important advantage of the converter.
ANALYSIS OF CLASS D PHASE-CONTROLLED INVERTER

A. Assumptions
The analysis of the phase-controlled Class D parallel resonant inverter of Fig. l(b) begins with the following simplifying assumptions:
1) The loaded quality factors QL of the parallel-resonant circuits are high enough so that the currents i, 
where IS,J is the apparent power, P2 is the real power, and Q, is the reactive power supplied by the voltage source U, and $, = Arg(S,) is the principal argument of S,. Fig. 4 depicts principal arguments and $2 as functions of 4 at f/f, = 1.07 and 2 R i / Z , = 2, 6, and 10. The choice of the normalized operating frequency f/f, is determined by the boundary between the inductive and capacitive load for the switches. The inductive load is
for f/f, > 1.07. On the other hand, experimental evidence shows that, in the inductive load range, the efficiency decreases as f/f, is increased. Therefore, f/f, = 1.07 had been chosen and experimental results proved that the inductive load for the switches was maintained.
The output power of the phase-controlled Class D inverter is obtained from (8) inverter is obtained from (8) voltage, causing a turn-off switching loss. This transition is similar to that in PWM converters, however, the turn-off current is usually less than the maximum switch current.
Neglecting switching losses and drive power and using (17) and (19), one arrives at the efficiency of the inverter
The maximum value of the amplitude of the current through the resonant circuit Im(max) can be found from (14) for the operation above the resonance. Hence, one obtains the maximum value of the amplitude of the voltage across resonant inductor L V~rn = wLIm(max)-
C. Efficiency of Phase-Controlled Class D Inverter
Neglecting the equivalent series resistance (ESR) of the resonant capacitor, the parasitic resistance of each inverter is r = '0s + r, + r,,, where r,, = (rDSl + r D S 2 ) / 2 is the average resistance of the on-resistances of the MOSFET's, rL is the ESR of the resonant inductor, and r,, is the ESR of the coupling capacitor. Hence, one obtains the conduction power loss in inverter 1 and inverter 2 as P,, = rZ;,/2 and Pr2 = r I i 2 / 2 , respectively. Substituting (13) and (14) for Iml and Im2 yields the total conduction loss of the phase-controlled inverter r(I;, + 12,)
The dc-to-ac voltage transfer function of the actual inverter is
CLASS D VOLTAGE-DRIVEN RECTIFIERS
A . Assumptions
In this section, the analyses of the Class D voltage-driven rectifiers of Fig. 2 -(E)'] sin (g ) ] 3) The minority charge-carrier lifetime is zero for pnjunction diodes and the diode junction capacitance and lead inductance are zero.
4)
The rectifiers are driven by an ideal sinusoidal voltage source and the amplitude of the input voltage VRim is much higher than VF. The above equation somewhat overestimates the conduction loss if the MOSFET is ON most of the time when the switch current is negative. For high negative current through the power MOSFET, i.e. rDsli,l > 0.7 V, the MOSFET body diode also conducts, shunting the drainto-source resistance.
For operation under inductive load conditions for the switches, the MOSFET's are turned on at zero voltage, resulting in zero turn-on switching loss and the current through the filter capacitor
where Ri is the input resistance of the rectifier at the fundamental frequency f. The dc output power is The rms value of the capacitor current is given by Assuming that the switching losses in the diodes are zero, the rectifier input power is the rms value of the diode current
(39) JZ Substitution of (27), (321, (26) , (331, and (37) into (39) gives the input resistance of the rectifier and the total conduction loss in each diode IOv, 'iRF
The efficiency of the rectifier is obtained from (27) and
The dc conduction loss in the filter inductor is vo RL f 'L;
(33) The input power of the rectifier can also be described as pL = I i r , where r, is the dc ESR of the filter inductor. To calculate the ac conduction loss in the inductor and the loss in the ESR of the filter capacitor, it is assumed that the ripple
Using (20) and (40, one arrives at the converter efficiency 1
where VRi = VRim/ fi is the rms value of the input voltage uRi. From (27) and (42), (43) Hence, from (40) and (40, the ac-to-dc voltage transfer function of the rectifier can be expressed as
From (23) and (251, one can find the rms value of the input current iRi (45) and the rms value of the fundamental component i , , of the input current iRi Hence, the power factor is (52) C. Class D Bridge Rectifier Fig. 2(c) shows a circuit of a Class D bridge rectifier. The output power Po, the diode conduction loss Po, the inductor conduction loss, the losses in the filter capacitor, and the input power Pi are given by (271, (32) , (331, (38) , and (261, respectively. Since The peak values of the diode forward current and the
leading to the power-output capability of the rectifier
The peak values of the diode current and voltage, and the power-output capability are given by (481, (49) , and (50), respectively. The power factor is given by (47).
Using (lo), ( 2 0 , and (56) , one arrives at the dc-to-dc voltage transfer function of the converter with a bridge From (lo), (21), and (44, one obtains the dc-to-dc voltage transfer function of the converter with a transformer center-tapped rectifier
Equations (20) and (55) 
V. EXPERIMENTAL RESULTS
To validate the analysis, a breadboard of the converter designed in the previous section was built, using IRF740 MOSFET's (International Rectifier) as switches, MUR860 fast recovery diodes (Motorola), L = 985 pH, C = 4.7 nF, C, = 1.5 pF, an isolation transformer with n = 4, Lf = 1.8 mH, and Cf = 100 pF. An MU818 (Micro Linear) IC was used to drive the MOSFET's and shift the phase 4. The measured value of the resonant frequency f, was 109 kHz and the measured value of the switching frequency f, was 116 kHz. The ON-resistance of each MOSFET was rDs = 0.5 R, the value of ESR of each resonant inductor at 116 kHz was rL = 2.4 R, and the value of ESR of each coupling capacitor at 116 lrHz was rc, = 0.1 R. Hence, the parasitic resistance r was estimated to be 3 R. The measured value of the dc resistance of the filter inductor was rf = 76 mR and the measured ac ESR of the filter inductor was r,, = 3.5 R. The ESR of the filter capacitor was r, = 25 ma. The parameters of the diode model were VF = 0.6 V and R , = 0.3 R.
The characteristics of the converter were measured as functions of the phase shift 4, the load resistance RL, and the dc input voltage V,. The behavior of the converter with a short circuit at the output was also tested and it was found that the operation is safe for any value of 4. Fig. 9(a) depicts the waveforms of the currents through the resonant circuits and Fig. 9(b) depicts the voltage and current waveforms of a diode in the rectifier with a short circuit at the output at V, = 200 V and 4 = 0". In this case, the output current was 1 , = 1.3 A. Fig. 10 shows the waveforms of the voltage across the resonant capacitor and the currents through the resonant inductors of the inverters for RL = 50,250, and 2500 R. It can be seen that these waveforms are good sinusoids at any load as originally assumed. VI. CONCI.L;SIONS A new version of a phase-controlled parallel resonant converter has been obtained by adding an additional between the drive voltages of the two inverters while maintaining a fixed operating frequency. Both inverters are loaded by inductive loads for f / f , > 1.07 which makes it easy to use power MOS-FET's as switches (snubbers are not required). The part-load efficiency of the converter is quite good (Fig. 6(b) ). 4) The converter is inherently short-circuit and opencircuit protected by the impedances of the resonant circuits. 5 ) The imbalance of amplitudes of currents flowing through the resonant inductors is very low. 6) The operation at a constant frequency and inductive loads for both switching legs is achieved at the expense of a second resonant inductor.
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